Background: This study utilized diffusion tensor imaging (DTI) to analyze white matter tractography in the anterior limb of the internal capsule (ALIC), fornix, and uncinate fasciculus (UF) of individuals with 22q11.2 deletion syndrome and controls. Aberrations in these tracts have been previously associated with schizophrenia. With up to 25% of individuals with 22q11.2DS developing schizophrenia in adulthood, we hypothesized reduction in structural integrity of these tracts, including an association with prodromal symptoms of psychosis. We further predicted an association between allelic variation in a functional polymorphism of the Nogo-66 receptor gene and 22q11.2DS white matter integrity. Methods: Tractography was conducted using fiber assignment by streamline tracking algorithm in DTI Studio. Subjects were genotyped for the rs701428 SNP of the Nogo-66 receptor gene, and assessed for presence of prodromal symptoms. Results: We found significant group differences between 22q11.2DS and controls in DTI metrics for all three tracts. DTI metrics of ALIC and UF were associated with prodromal symptoms in 22q11.2DS. Further, ALIC DTI metrics were associated with allelic variation of the rs701428 SNP of the Nogo-66 receptor gene in 22q11.2DS. Conclusions: Alterations in DTI metrics suggest white matter microstructural anomalies of the ALIC, fornix, and UF in 22q11.2DS. Structural differences in ALIC appear to be associated with the Nogo-66 receptor gene, which has been linked to myelin-mediated axonal growth inhibition. Moreover, the association between psychosis symptoms and ALIC and UF metrics suggests that the Nogo-66 receptor gene may represent a susceptibility gene for psychosis through its disruption of white matter microstructure and myelin-associated axonal growth.
Introduction
The 22q11.2 deletion syndrome (22q11.2DS), also known as velocardio-facial syndrome (VCFS), is a neurogenetic disorder involving the interstitial deletion of over 40 genes on the q11.2 band of one copy of chromosome 22. Phenotypic features of this syndrome include cardiac malformations, palatal anomalies, learning difficulties, emotion dysregulation, and social withdrawal (Swillen et al., 1997; Antshel et al., 2008a; Shprintzen, 2008) . Strikingly, up to 25% of individuals with this syndrome develop psychosis as they transition to adulthood (Shprintzen et al., 1992; Bassett and Chow, 1999; Murphy et al., 1999; Arnold et al., 2001; Green et al., 2009) .
Several of the genes at the 22q11.2 locus are highly expressed in the brain (Maynard et al., 2003) and known to affect neurodevelopment. One such gene is the Nogo-66 receptor gene, which codes for a glycosylphosphatidylinositol (GPI) linked protein. Nogo-66 receptor, also termed the Nogo receptor or Reticulon 4 receptor (RTN4R) (Sinibaldi et al., 2004) , is associated with inhibition of axonal growth (Fournier et al., 2001) . The Nogo-66 receptor is localized to axons and binds three functionally different inhibitory growth factors associated with myelin inhibition, including myelin-associated glycoprotein (MAG), oligodendrocyte-myelin glycoprotein (OMgp), and Nogo-A (RTN4). These factors inhibit growth of neurites and establishment of nerve terminals. Disruption of the Nogo-66 receptor pathway can result in insufficient inhibition of neuronal sprouting and associated processes by which myelin mediates axonal growth (Fournier et al., 2001 (Fournier et al., , 2002 Uranova et al., 2001) . This, in turn, has been hypothesized to be associated with symptoms of schizophrenia (Segal et al., 2007; Budel et al., 2008; Karoutzou et al., 2008) . Although a direct association between specific variants of the gene and schizophrenia has not been consistently identified, a recent study has demonstrated, in Caucasian populations, a nominal association between psychiatric status and the rs701428 variant (Budel et al., 2008) , which is thought to contribute to the regulation of expression of the gene (Taylor et al., 2006) . This variant is also included in two significant haplotype associations with disease status (Budel et al., 2008) .
Recent diffusion tensor imaging (DTI) studies suggest that the microstructure of several fronto-temporal and fronto-subcortical white matter tracts is aberrant in idiopathic schizophrenia (Cummings, 1995; Levy et al., 1997; Manoach et al., 2000; Levitt et al., 2002) , including the anterior limb of the internal capsule (ALIC), the fornix and the uncinate fasciculus (UF). The ALIC contains fibers connecting the thalamus to frontal lobe and corticopontine fibers (Rosenberger et al., 2012) . Bilateral reductions in fractional anisotropy (FA) and increases in radial diffusivity (RD) have been reported in the ALIC of individuals with schizophrenia (Levitt et al., 2010; Rosenberger et al., 2012) , and have been associated with prefrontal-based neuropsychological impairments such as episodic memory (Levitt et al., 2010) . The fornix connects the hippocampus to subcortical structures, including mammillary bodies, anterior nucleus of the thalamus, nucleus accumbens, and ventral tegmental area, as well as prefrontal cortex. Reduced FA in the fornix of individuals with schizophrenia has been associated with impairments in visual and verbal memory (Kuroki et al., 2006; Nestor et al., 2007; Fitzsimmons et al., 2009) . The UF connects orbital prefrontal cortex to temporal lobe, playing a role in the connectivity between cortical cognition, memory function, and emotional function. Asymmetry and alterations in FA of the UF have been observed in individuals with schizophrenia (Kubicki et al., 2002; Price et al., 2008; Kawashima et al., 2009 ) and by our group in 22q11.2DS, based on an atlas-based white matter analysis (Radoeva et al., 2012) . Taken together, these studies support mounting evidence for alterations in fronto-temporal and fronto-subcortical connectivity in individuals with schizophrenia.
Since individuals with 22q11.2DS are at significantly elevated risk for developing schizophrenia, we hypothesized that the structural integrity of white matter in these structures would be altered in individuals with 22q11.2DS relative to their unaffected siblings and agematched peers, and that the white matter anomalies would be associated with an increased risk for psychosis. Moreover, since individuals with 22q11.2DS carry only one copy of the Nogo/RTN4R gene, we further hypothesized that in the participants with 22q11.2DS, allelic variation in the rs701428 polymorphism of this gene would be associated with the white matter integrity of these tracts of interest.
Materials and methods

Subjects
Here, we report on data collected on 99 adolescents who are participants in a longitudinal study of biomarkers for psychosis in22q11.2DS (Kates et al., 2004 (Kates et al., , 2005 (Kates et al., , 2006a (Kates et al., ,b, 2007a Antshel et al., 2005a Antshel et al., ,b, 2007a Antshel et al., ,b, 2008a . Data from 48 of these adolescents were also reported in an atlas-based, automated study of white matter microstructure (Radoeva et al., 2012) . The institutional review board of the SUNY Upstate Medical University approved the procedures of this study, and all participants provided informed consent/assent. The participants in the larger, longitudinal study were recruited from the Center for the Diagnosis, Treatment, and Study of Velo-Cardio-Facial Syndrome at SUNY Upstate Medical University and from the community. A deletion at 22q11.2 was confirmed by fluorescence in situ hybridization (FISH).
Exclusion criteria for all subjects are described in detail elsewhere (Kates et al., 2011) .
This sample includes 52 individuals with 22q11.2DS (22 male), and 47 matched controls (24 male), with average age for the 22q11.2DS participants 18.0 (SD = 2.2) and for the controls 18.1 (SD = 1.6). The control group included 21 (9 male) unaffected siblings and 26 (15 male) community controls. Community controls and siblings did not differ significantly in any DTI metrics for the tracts we examined; accordingly we combined them into one control sample. The average full-scale IQ was 70 (SD = 12.8) for the 22q11.2DS adolescents and 105 (SD = 16.1) for the controls. Although we do not have a large enough sample to control for potential effects of medication, we do provide, under the Supplementary methods, the medications that participants were taking at the time of their scan.
Nogo-66 receptor (RTN4R) genotyping
The SNP rs701428 (corresponding to SNP "V34" in Liu et al. (2002) ) was genotyped via direct sequencing in 52 22q11.2DS participants. Since individuals with this genetic disorder have the microdeletion on one copy of chromosome 22, participants were hemizygous for either the A allele or the G allele. Forward and reverse primers for the region flanking the SNP were designed using Primer 3 (http://frodo.wi.mit. edu/primer3/) to generate a single specific PCR product of 356 bp. The PCR products were purified via Contech DNA Amplification Cleanup Kit. Purified DNA was then submitted for sequencing to GENEWIZ, a commercial sequencing facility. Chromatograms were downloaded and imported into Sequencher, a software of DNA sequence analysis. The genotype variant could not be obtained from the sequencing analysis in 9 participants, and was imputed based on linkage-disequilibrium with other SNPs (see Supplementary materials for details of imputation methods).
Diffusion tensor imaging acquisition
DTI scans were acquired on a 1.5 T Philips Intera scanner (release 11) equipped with a Sense Head coil to improve signal strength and signal-to-noise ratio. We utilized a multi-slice, single-shot EPI (SENSE factor = 2.0), spin echo sequence to obtain 70 axial slices with no gaps between slices and 2.5 mm nominal isotropic resolution (TR/TE = 8197/76 ms, FOV = 240 × 240, data matrix = 96 × 96, zero-filled and reconstructed to 256 × 256). Diffusion weighting was applied along 15 directions with a b factor = 800 s/mm 2 . One minimally weighted volume (b 0 ) was acquired within each DTI dataset. The total scan time to acquire one DTI dataset (15 DW and 1 b 0 images) was 2 min, 11 s. Four DTI datasets were acquired per subject. A high resolution T2 scan was also obtained to align with the DTI images.
DTI processing and data analysis
The imaging data was processed using DTI Studio 3.0.2 (https://www. mristudio.org/). Utilizing a mutual information algorithm [35] , all diffusion weighted images from each study were coregistered to the same reference volume, the b 0 volume of the first repeat. Axial slices with severe scanning and motion artifacts were excluded via automatic outlier slice rejection in DTI Studio (with relative error N 3%), and through visual inspection. Tensor estimation was then performed. The high-resolution T2 scan of each participant was reoriented in AC-PC space, and the b 0 (along with the tensor file) was realigned using linear registration to the high-resolution T2 scan. FA, AD, RD, and b 0 maps were computed based on the tensor file in AC-PC space.
One-tensor streamline tractography was performed to identify the ALIC, the fornix and the UF. (Protocols are provided under Supplementary methods.) For the ALIC seeding was started on all voxels within the seeding ROI with an FA value greater than 0.25; tractography was stopped in locations where the FA value was less than 0.25 or if the tract turning angle was above 70. For the fornix, the FA seeding threshold was greater than 0.15 and the tractography was stopped for FA below 0.15, and tract turning angle above 70. For the UF, tract reconstruction used an FA threshold greater than 0.3 for initiation of tracking, and FA threshold less than 0.18 or tract turning angle greater than 70 for discontinuation of tracking. (We were unable to reconstruct the left UF for one individual with 22q11.2DS, the left fornix for 13 individuals (12 with 22q11.2DS and 1 control), and the right fornix for 4 individuals (2 with 22q11.2DS and 2 controls), resulting in the final sample size described above).
Inter-rater reliability, calculated with the intraclass correlation coefficient (ICC), for all tracts was high: for the ALIC, the ICC ranged (across DTI metrics and hemispheres) from 0.86 to 0.96; for the fornix it ranged from 0.95 to 0.99, and for the UF it ranged from 0.98 to 0.99.
Scale of prodromal symptoms (SOPS)
A trained, doctoral-level child psychologist or psychiatrist administered the SOPS (Miller et al., 2003) in order to identify the presence of prodromal psychotic symptoms (Kates et al., 2011) . Inter-rater reliability, based on five SOPS interviews and assessed with the intra-class correlation coefficient, was 0.90. Since many of the children in our study had difficulty responding to a psychiatric interview, we reworded the questions in this scale to allow us to administer it to the child's parent, and reduced the scale from a seven point to a five point Likert-type scale. Only the Positive Symptom Scale was used for the present analyses.
Statistical analyses
Multiple analyses of variance (MANOVA) were conducted to investigate study group differences in DTI metrics. A separate MANOVA was run for each white matter tract of interest. For each white matter tract, the model included the left and right FA, AD, and RD as dependent variables. Within the group of participants with 22q11.2DS, MANOVA's were also conducted to investigate the effect of allelic variation in the rs701428 SNP of the Nogo-66 receptor gene. Associations between DTI metrics and the SOPS were assessed with the Zero-Inflated Poisson (ZIP) regression analyses (Lambert, 1992) , since the distribution of our SOPS data included at least 50% of scores equaling zero (indicating the absence of any prodromal symptoms) (Kates et al., 2011) . Due to the non-normal distribution of our SOPS data (Kolmogorov-Smirnov test = .476; p = 0.0001; skewness, z = 3.153; standard error = .29), we used the Mann-Whitney U test to explore the effects of the SNP variant on the presence of positive prodromal symptoms in the sample with 22q11.2DS.
Results
Study group differences
Relative to the combined group of siblings and community controls, individuals with 22q11.2DS demonstrated alterations in all three white matter tracts (see Table 1 ). In the ALIC, participants with 22q11. Fig. 2 ).
Effects of genotype
Within the sample of individuals with 22q11.2DS, we investigated the effect of allelic variation of the rs701428 SNP of the Nogo-66 Receptor gene on white matter integrity (See Table 2 
Association between DTI metrics and prodromal symptoms
Zero-inflated Poisson regression analyses indicated that in the 22q11.2DS group, DTI metrics were associated with positive prodromal symptoms of psychosis, as measured by the SOPS. Positive prodromal symptoms were associated with the ALIC's right FA (z = 2.93; p b 0.003) and left RD (z = −3.96; p b 0.0001) (Fig. 3) . Positive prodromal symptoms were also associated with the uncinate's left RD (z = −2.74; p b 0.006) and right RD (z = −3.22; p b 0.001) (Fig. 4) .
Discussion
The present study is the first, to our knowledge, to use manual tractography to measure white matter integrity for the ALIC, fornix and UF tracts in 22q11.2DS, and to associate the DTI metrics for these tracts with genetic variation in the Nogo-66 receptor gene as well as symptoms of psychosis. Although a recent study utilized manual tractography to investigate the fronto-occipital fasciculus and the inferior longitudinal fasciculus in 22q11.2DS (49), most previous investigations of the white matter tracts of individuals with 22q11.2DS have been limited to whole brain analyses, via atlas or voxel based morphometry (Barnea- Goraly et al., 2003; Simon et al., 2008; Kikinis et al., 2012; Radoeva et al., 2012) or whole brain tractography (Ottet et al., 2013; Villalon-Reina et al., 2013) . In our study, statistically significant differences in FA and RD were seen in the ALIC between individuals with 22q11.2DS and the combined group of siblings and community controls. We also found differences in FA and AD of the fornix between groups, and in the AD and RD of the uncinate. Within the group of individuals with 22q11.2DS, DTI metrics were associated with positive prodromal symptoms of psychosis. In addition, increased FA and decreased RD of the ALIC within the 22q11.2DS group were associated with hemizygosity for the G allele in the rs701428 SNP of the Nogo-66 Receptor gene.
Our current findings are consistent with, yet extend, our previous study of whole brain, atlas-based analysis of white matter tracts in the same sample. In that study, we reported decreased FA for the UF, and decreased AD for several white matter tracts in 22q11DS subjects, suggesting an overall disruption of white matter connectivity (Radoeva et al., 2012) . Moreover, previous studies of white matter integrity in other samples have revealed alterations in FA, AD, and RD in white matter tracts in 22q11.2DS, suggesting disruptions of white matter connectivity (Barnea-Goraly et al., 2003; Simon et al., 2008; Kikinis et al., 2012; Villalon-Reina et al., 2013) in individuals with this syndrome. The increases that we observed in FA in the ALIC appear to be driven by alterations in RD, suggesting a disruption in myelin development of the ALIC of individuals with 22q11.2DS (Song et al., 2003; Alexander et al., 2007) . Alterations in the ALIC FA are also described in a recent report by Villalon-Reina et al. (2013) , which is the only other reported investigation of the ALIC in individuals with 22q11.2DS. Our DTI metrics also illustrate alterations in the FA of the fornix, which appear to be driven by changes in AD, suggesting axonal damage of the fornix (Song et al., 2003; Budde et al., 2009) , which could represent disruptions to the internal structure or density of axons (Kumar et al., 2012) . Finally, alterations in both AD and RD of the UF implicate both axonal damage to the structure and disruption in myelin development (Song et al., 2003; Budde et al., 2009 ). Previous mouse model studies of 22q11.2DS have implicated both altered neurogenesis and neuronal migration (Mukai et al., 2008; Meechan et al., 2009) . Such findings could underlie the altered DTI metrics seen in the present study that suggest both axonal and myelination abnormalities in 22q11.2DS. 
Table 2
Allelic (Nogo-66/RTN4R, rs701428) differences in fractional anisotropy (FA), axial diffusivity (AD), and radial diffusivity (RD) of the anterior limb of the internal capsule (ALIC) in participants with 22q11.2DS. As we note above, the specific white matter tracts analyzed through our study have been previously linked to the pathophysiology of schizophrenia (see also review, Kubicki et al., 2007) . Since abnormal frontotemporal connectivity has been implicated in the development of schizophrenia, the white matter tract alterations we report in the ALIC, fornix, and UF could be associated with the increased vulnerability to schizophrenia and symptoms of psychosis in 22q11.2DS. Previous research has shown FA alterations for individuals with schizophrenia in all three white matter tracts analyzed in the present study. Moreover, DTI alterations of these tracts have been associated with deficits in neuropsychological function (Kuroki et al., 2006; Nestor et al., 2007; Fitzsimmons et al., 2009 ) in schizophrenia, including immediate (Kubicki et al., 2002) and working memory (Mamah et al., 2010) , verbal abstract reasoning (Kubicki et al., 2002) and executive function (Mamah et al., 2010) . Though these studies have presented decreased FA in schizophrenia, others have demonstrated focal increases in FA within regions of temporal connectivity in association to the symptoms of schizophrenia (Hubl et al., 2004; Shergill et al., 2007; Rotarska-Jagiela et al., 2009; Alba-Ferrara and de Erausquin, 2013) . Therefore, the associations that we observed between DTI metrics of the ALIC and the UF and positive prodromal symptoms further support the involvement of these white matter tracts in the pathophysiology of psychosis symptoms in 22q11.2DS. Accordingly, we suggest that the presence of these structural anomalies in this population may play a role in the development of schizophrenia. This is also consistent with a previous study implicating the involvement of structural connectivity as a basis for the development of schizophrenia in 22q11.2DS (Ottet et al., 2013) .
The Nogo-66 receptor gene has been previously associated with schizophrenia (Budel et al., 2008) . The known involvement of the receptor protein in modulation of axonal outgrowth (Cafferty and Strittmatter, 2006) and plasticity (McGee et al., 2005) is consistent with animal models that have shown decreased spatial learning and memory function as a result of reduced expression (van Gaalen et al., 2012) . As this gene lies within the 22q11 locus, and is associated with myelin-mediated inhibition of axonal sprouting (Budel et al., 2008) , our data suggest that altered dosage of this gene (by virtue of the presence of only one copy this gene in individuals with 22q11.2DS) may underlie alterations in the white matter tracts of individuals with this syndrome. To our knowledge, no previous work has implicated the Nogo-66 receptor gene in white matter anomalies in 22q11.2DS. Since the Nogo-66 receptor gene is involved in axonal development, the association that we observed between allelic variation in the Nogo-66 receptor gene and DTI metrics of the ALIC further support the notion that the confluence of, and interactions between, underlying genetic processes and white matter abnormalities could lead to symptoms of psychosis in 22q11.2DS. In other words, the Nogo-66 receptor gene may represent a susceptibility gene for psychosis through its disruption of white matter integrity and myelin-associated axonal growth in youth with this disorder.
Though previous studies have demonstrated bilateral decreased FA with cognitive function correlations in schizophrenia (Levitt et al., 2010) , variation in the Nogo-66 receptor gene may provide an explanation for our observation of bilateral increased FA in the ALIC of 22q11.2DS. Potentially, this gene may be expressed at a higher level in the ALIC relative to other white matter regions, possibly leading to lack of myelination inhibition, affecting DTI metrics. Increased FA has been proposed to reflect underlying molecular processes that regulate neuronal modulation and plasticity, such as axonal pruning and myelination (Wolff et al., 2012) . Myelination has also been considered to impede water diffusion in white matter tracts (Kubicki et al., 2005) . Therefore, this genetic variation in regulation of axonal development seen in 22q11.2DS could lead to an altered anatomy of the axon, resulting in increased directionality of water diffusion suggested by an increase in FA.
In addition, our results show a positive correlation between FA values and positive prodromal symptoms of psychosis, suggesting that this increase may be pathological. Moreover, we observed that patients with the G allele at the Nogo-66 receptor locus show increased FA relative to those with the A allele, suggesting that the G allele may be a risk allele in individuals with 22q11.2DS. Notably, across all HapMap reference populations in dbSNP, the most common genotype is heterozygous A/G, which accounts for 41-57% of the genotypes. Thus, the G allele is clearly very common in the general population. However, the homozygous G/G genotype is much less common, present in only 13-39% of the same samples. It is unknown whether the G/G genotype is associated with changes in DTI metrics in these reference populations, but it is an intriguing possibility. However, one previous report suggested that the A allele of this particular SNP was nominally associated with idiopathic schizophrenia in a Caucasian population (Budel et al., 2008) . Accordingly, it is clear that additional studies should be conducted to confirm associations between the SNP rs701428 genotype and DTI analysis in 22q11.2DS and idiopathic schizophrenia.
A limitation of our study might lie in the analysis of the fornix, as individuals with 22q11.2DS have a high incidence of cavum septum pellucidum, which may alter the structural integrity of the fornix (preventing the two columns of the fornix from joining at the midline anteriorly, Radoeva et al., 2012) , and, in turn, our DTI metrics. In addition, while this sample is relatively large for a study of 22q11.2DS, our genetic subgroups were relatively small, suggesting that DTI associations with the Nogo-66 receptor gene must be viewed as preliminary. Future studies in this field should include investigations of the effect of this gene variant on white matter microstructure in control samples, as well as other white matter structures in the brains of individuals with 22q11.2DS. Investigation of the underlying molecular processes that lead to the altered neurological development and symptoms of psychosis should also be conducted.
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